Introduction
The pressuremeter is a well known device ͑Ménard 1956͒. It is widely used nowadays for foundation engineering ͑Amar et al.
1991; Clarke 1996͒ with a lot of empirical rules for it. The usual interpretation of the test is to derive the pressuremeter modulus, which is obtained in the range of the linear relationship between the pressure and the volume in the pressuremeter, and the limit pressure which is the pressure applied by the probe when the cavity is twofold the initial one. Pressuremeter modulus and limit pressure are used in empirical formula to respectively estimate settlement and bearing capacity of foundations ͑French standard 1996͒.
This method is a rather crude calculation because the pressuremeter modulus is not a soil characteristic but depends on the probe used, and the way the borehole is drilled. Furthermore the settlement of foundation is calculated from the pressuremeter results assuming that the pressuremeter simulates the real foundation behavior. But the stress path in the soil around the probe is not the same as the stress path beneath a foundation. In the first case the main stress is horizontal, and there is a plane strain shearing. In the second case the main stress is vertical, and there is a threedimensional shearing.
If we consider only a pressuremeter test outside this usual interpretation, it shows a lot of quality because the pressuremeter measures soil deformability and soil shear resistance. It is an in situ test, which can be carried out in any soil, without sampling. So there is no problem for grain size distribution, change in consolidation, or remolding of sample as this occurs in laboratory test.
In this paper we present a method of interpretation for the pressuremeter test to obtain the Young's modulus of the soil and the angle of internal friction for a granular soil. These values are stress strain parameters, and are not linked to the probe type or the way that the borehole is drilled. They can be used in design without empirical rules, and for other works than foundation, for example, a retaining wall ͑Monnet and Allagnat 2002͒, slope stability analysis and tunnel modeling. In such a case, in situ soil parameters allows to fit the design to the soil and is a cost savings for the project.
This method uses an experimental process with a cycle of unloading reloading in the "linear" behavior range before the socalled creep pressure is reached. This cycle is performed to obtain the elastic shear modulus, which is linked to the elastic Young's modulus through an assumption on the value of the Poisson's ratio. This cycle erases the larger part of the plastic deformation.
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the test so that the analysis of the shearing parameters can be more precise. The test readings are reduced by hydraulic and mechanical corrections described in the patent by Gaiatech ͑1989͒ so that the reaction pressure of the soil and the deformation of the borehole are precisely defined.
The test results are used in an elasto-plastic theory for the expansion of the pressuremeter probe to find the shear strength or the angle of internal friction of the soil. The theory assumes positive compression stress ͑Baguelin et al. 1978͒, and positive elongation strain ͑negative contraction͒.
The Pressuremeter Apparatus
The pressuremeter ͑MPM or PDP͒ is a volume displacement pressuremeter that contains three expanding cells. The measurement is made with the center cell, which is inflated by water. It is surrounded by two guard cells inflated by gas. These cells are designed to ensure that the length of the test section remains constant and will expand as a cylinder. A monitoring box at the ground surface is used to pressurize the probe with a controlled pressure and to measure the volume variation of the probe.
The geometry of the probe is fixed ͑French standard 2000͒: The dimension for the guard cells and the measuring cell, the length of the slotted tube if any, the membrane resisting pressure for each cell are fixed. The standard also gives the correct way to make the borehole according to type of soil. Part of these recommendations can also be found in the ASTM counterpart ͑ASTM 1987͒.The test gives a relationship between the applied pressure and the volume variation in the probe. In the first phase of pressure, before p i is reached, there is a slight recompaction of the soil until the horizontal at rest pressure is met, because when the borehole was carried out, the soil was unloaded and the probe is lowered into the drilling with no horizontal pressure. In the second phase between p i to p f there is a linear relationship between pressure and volume; p f is called the creep pressure. This part is used to obtain the pressuremeter modulus. In the third phase above p f the soil exhibits creep and for a constant level of pressure the volume increases with respect to the time. In a fourth phase the test yields a limit pressure p l for which the increase of volume is infinite. To prevent probe bursting, the test is ended when the probe volume is twice the initial volume. A conventional limit pressure p l is linked to this particular value of volume variation.
One of the challenges of pressuremeter testing is to create an opening within which the test can be performed so that the results are representative of the expected behavior of the soil. The conventional approach for the Ménard pressuremeter test ͑MPM͒ involves drilling a hole with a rotary or auger bit so that the resulting hole is close to the diameter of the instrument. In soils such as medium or stiff clays this process creates a reasonably good test hole ͑Clough et al. 1990͒; however, it is more difficult to accomplish the desired objective in cohesionless soils, soft clays, or soils with gravels. In countries like the U.S., it is becoming more common to supplement the drilling process by pushing a slotted tube for the final length where the test will be conducted. This method is described in the ASTM standard ͑ASTM 1987͒. However, this method produces unknown disturbance around the borehole.
One of the principal reasons for development of the Seft Boring Pressuremeter test ͑SBPM͒ was to be able to create an opening for the test with an absolute minimum of disturbance ͑Wroth and Hughes 1973͒. However, the advanced process by the present SBPMs is not efficient, and is subject to problems in very dense soils, particularly in the presence of gravels or other large particles.
Experimental results on soft soils with SBPM were compared to MPM ͑Baguelin et al. 1978͒ at a number of different sites. It appears that self-boring pressuremeter measures higher pressures than does the MPM at the same relative deformation of the probes. The difference between these two tests is greater when the soil is more compressible. In very stiff clay, the difference in modulus is less, whereas results are much closer in sand. Numerical results with SBPM on sand were compared to MPM ͑Cambou and Bahar 1993͒ with the CJS model. It appears that the initial self-boring pressuremeter modulus is four times the initial modulus of the Ménard test, and the difference decreases along the deformation, but the limit pressures of the two tests are equal.
Behavior of Granular Soil Around the Pressuremeter
Recent developments in pressuremeter theories ͑Ladanyi 1995͒ show that the sand volume changes due to compression and dilation must be taken into account. One way is to use the triaxial stressstrain curve ͑Ladanyi and Foriero 1998͒ to estimate this dilatancy, but this method needs to perform a lot of triaxial tests at different density. This is not possible for most of the geotechnical campaign for civil engineering constructions. Another way to solve the problem is to use Rowe's dilatancy theory ͑Hughes et al. 1977; Jewell et al. 1980; Selvadurai 1984͒, or to use nonassociated elasto-plastic flow rule conditions ͑Juran and Beech 1986͒. In this paper, we use elasto-plasticity as the general frame of this study, by its ability to cover the total range from small reversible displacements to large irreversible displacements when the Rowe's dilatancy theory does not take into account elastic behavior.
Most of contributions are written to find internal angle of friction by theoretical analysis ͑Jewell et al. 1980͒ from laboratory pressuremeter test, from self-boring pressuremeter ͑SPP͒ tests ͑Yu and Houlsby 1991͒, or by numerical analysis ͑Cambou and Bahar 1993͒ from Ménard pressuremeter test ͑MPM͒. The theoretical analysis was chosen by its ability to describe the pressuremeter test from its very beginning to the end with only a few parameters, when numerical analysis needs many mechanical parameters, which cannot be precisely fitted. As a matter of fact, on a pressuremeter curve, which is computed with an eight parameters model, only one or two parameters can be fitted when the six or seven other parameters must be assumed ͑Cambou and Bahar 1993͒. Many theoretical contributions lead to a nonunique solution for a single pressuremeter test, by the unknown value of dilatancy ⌿ ͑Yu and Houlsby 1991͒ or by the unknown value of the elastic parameters ͑Cambou and Bahar 1993͒. A measurement, like internal angle of friction, must be controlled so that its value should be fitted by two different ways, which gives the same result. This method is used herein on the internal angle of friction, which is measured by the logarithmic relation between pressure and radial strain and is controlled by the accurate fitting between theoretical and experimental limit pressure.
Assumptions
We assume a drained test with an elastic behavior like the other contributors ͑Baguelin et al. 1978͒ at low level of shear with two elastic parameters, the Young's modulus E and the Poisson's ratio . These two coefficients are linked to the Lame's coefficients and µ.
Numerical results with CJS model ͑Cambou and Bahar 1993͒ show that the test should be assumed as a drained test with a permeability coefficient higher than 10 −8 m / s. Thus pore pressure is constant along the radius, whatever is the deformation.
Like the preceding theories ͑Yu and Houlsby 1991; Cambou and Bahar 1993͒ we assume a nonstandard plasticity for a higher level of shear and a drained pressuremeter test. It had been shown ͑Cam-bou and Bahar 1993͒ that shearing behavior is ruled by the angle of internal friction ⌽Ј and the dilatancy angle ⌿. Dilatancy is supposed to be a function of the interparticle angle of friction and friction angle ͑Monnet and Gielly 1978͒:
The interparticle angle of friction ⌽ µ is equal to the angle ⌽ µ of the Rowe's theory ͑Rowe 1962͒. The angles of dilatation and friction are assumed constant along shearing.
The Mohr-Coulomb relation gives the failure of the soil, with the nonassociated flow rule, linked to the plastic potential G͑Ј͒ and the undefined scalar :
If we consider the state of stress for an infinite radius ͑Fig. 1͒, we find two horizontal stresses Ј and r Ј, which are equal to the horizontal pressure at rest, and a larger vertical stress z Ј equal to the vertical pressure at rest. At the beginning of the test, when a pressure is applied at the wall of the borehole, the vertical stress remains at a constant level while the radial stress increases and the circumferential stress decreases in an elastic behavior. In most cases, the main principal stress is r Ј at the moment plasticity occurs, and the difference between Ј and r Ј reaches the limited value of the Mohr-Coulomb shearing limit. This defines the first plastic radius b. But in some cases the main principal stress is z Ј at the moment plasticity occurs, and the difference between Ј and z Ј reaches the limited value of the Mohr-Coulomb shearing limit, and this defines the second plastic radius c.
Three different areas of soil are considered from the borehole wall to the infinite radius ͑Fig. 1͒. A plastic shear zone may appear between the radial stress r Ј and the circumferential stress Ј in the horizontal plane. This first plastic area extends between the radius a ͑bore hole wall͒ and b ͑external radius of the first plastic area͒.
Plasticity may appear in the vertical plane between the vertical stress z Ј and the circumferential stress Ј as found before ͑Wood and Wroth 1977͒ in an area between the radii b and c ͑external radius of both plastic areas͒.
An elastic area extends beyond the radius c.
Equilibrium Condition
In the horizontal plane, the equilibrium for an element of soil is given by Eq 5 with the assumption of a constant pore pressure along the radius, and by Eq 6 in the vertical plane:
Global Equilibrium with Only Two Plastic Areas
Monnet and Khlif ͑1994͒ has shown that the ratio Eq 7 of the stress allows finding the differential equation of the stress in the first plastic zone:
which is integrated in Eq 9 between the radius of the borehole a and the current radius r:
The ratio n between the radial strain d r p and the circumferential strain d p is defined by Eq 10, and a first integration gives a first order differential equation:
which is integrated between the radius of the borehole a and the current radius r:
The continuity for the stress between the three different areas allows finding the general equilibrium condition between stress and strain, which is the general form of the pressuremeter equation with two plastic areas:
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The value of C 1 is very small and can be neglected. For example, the Saône gravel studied further gives a value of coefficient C 1 equal to the hundredth of the radial strain. Equation 13 shows a linear relation between the logarithm of the radial strain at the borehole wall and the pressure applied by the pressuremeter. The proportionality between these two variables was found before ͑Hughes et al. 1977͒ with the use of Rowe's dilatancy theory. Such a relation allows finding the slope ␦ of the straight line between the variables, which is a function of Ј the angle of internal friction, and ⌽ µ the interparticle angle of friction. The knowledge of ⌽ µ and ␦ allows finding ⌽Ј the angle of internal friction of the soil in a unique and accurate determination. The main interest of this new theory is the knowledge of the theoretical form of the pressuremeter expansion curve from the elastic behavior to the plastic behavior.
Creep Pressure
The theoretical creep pressure is found when the radial stress ͑case with two plastic areas͒ or the circumferential stress ͑case with one plastic area͒ begins to exhibit plasticity. The value of N · ␥Ј · z is put in the elastic relation for the circumferential stress and then we find the radial stress, which is the theoretical creep pressure
͑16͒

Conventional Limit Pressure
For the two cases, we can find the limit pressure p l when we assume that the volume of the probe is double the initial volume. The radial strain at the borehole is then equal to ͱ 2−1.
This particular value of the radial strain is put in Eq 7 and then we find the conventional limit pressure:
This relation is quite different from the ERTC4s relation ͑Amar et al. 1991͒, which is based on Ménard experimental correlations:
The Ménard relation was established from the experience, on a lot of pressuremeter tests at mean depth. Theoretical considerations show that the main shearing takes place between the radial stress r Ј and the circumferential stress Ј, which are in the horizontal plane.
For a friction soil, the plasticity condition shows that the level of shearing is proportional to the level of the mean stress. For the pressuremeter test the mean stress is proportional to the vertical stress so that the level of shearing is proportional to z Ј. As the limit pressure is linked to a particular value of the shearing stress, it also must be proportional to the vertical stress, which is found in Eq 17. The Ménard Eq 18 seems to fit to this consideration only for a mean depth close to 12 m. For a test close to the surface, it underestimates the friction angle, and for deep test it overestimates the friction angle. The Ménard relation does not take into account the nature of the soil, and the variation of the interparticle angle of friction. It overestimates friction angle for loams, which have lower interparticle angle of friction than sands and gravels.
Using the Pressuremeter to Obtain the Angle of Friction for Granular Soil
Method Used to Find the Angle of Internal Friction of the Granular Soil
The method used to find the angle of internal friction of the soil can be divided in four phases:
• Determination of the interparticle angle of friction with drained shearing triaxial tests on remolded samples using experimental method ͑Monnet and Gielly 1978͒ or estimation by correlation. • Determination of the Young's modulus on the unloading reloading sequence of the pressuremeter test which is performed in the pseudo-linear range of the pressuremeter curve along the French standard NFP 94-110-2 ͑1999͒, where the maximum pressure at the beginning of the cycle is close to the creep pressure, and the minimum pressure must be greater than the horizontal pressure at rest. The response of the soil along this cycle is reversible and the behavior may be assumed to be elastic, which is not the case for the virgin loading curve.
• Determination of the angle of internal friction by the slope ␦ ͑Eq 13͒ of the linear relationship between the logarithms of stress and strain when the creep pressure is reached.
• Control of the stress-strain parameters by comparing experimental and theoretical curves ͑Eq 13͒ and limit pressure values ͑Eq 17͒.
Determination of the Interparticle Angle of Friction
A series of 42 different soils were tested on triaxial device with drained condition and volume variation measurement on intact or remolded samples. We used all sort of soils, from fine soil ͑clay, loam, sand͒ to coarse soil ͑gravel, shingle͒. The interparticle angle of friction is linked to the geology of the site. For particles rolled by erosion, the value of ⌽ µ is smaller than the value found for particles broken by a crusher. The correlation of ⌽ µ with the plasticity index is shown in Fig. 2 . It can be seen that the interparticle of friction ⌽ µ is constant and equal to 29.2°for coarse soil ͑passing 80 µ sieve Ͻ35%͒, which are not plastic ͑PI Ͻ7%͒. Figure 2 shows the relation between ⌽ µ and fine soil ͑passing 80 µ sieve Ͼ35%͒, from nonplastic loam and fine sand, loamy and clayey fine sand, nonplastic clay and plastic loam, and plastic clay. It can be seen that the interparticle angle of friction ⌽ µ decreases along plasticity from a mean value from 29.2°to 10°for plastic clay. It seems that the value 7% of plasticity index is the bound, which is the beginning of the decreasing found on ⌽ µ .
The soils ͑D max Ͼ 50 mm, and passing 80 µ sieve Ͼ12%͒, which have coarse and fine particles have interparticle friction ⌽ µ closed to the fine part of there composition. 
Design of the Diaphragm Wall of the Lyon Underground
Geotechnical Environment
A series of MPM pressuremeter tests were made on the Bellecour square when the line C of the Lyon rapid transit line underground was excavated. This soil is made of recent fill deposit between 0 to 6 m of depth, beige gravel from Rhône River between 7 to 12 m of depth and reddish gravel from Saône River between 13 m to 22 m of depth. The diameter of the largest particles of ground is of 100 mm and the intact sampling is impossible. The CETU of Bron who made the tests kindly offered the results of the pressuremeter tests. The pressuremeter tests were made with a slotted tube, which was pushed in the soil by dynamic driving.
Triaxial Tests
A series of drained triaxial tests on remolded samples were conducted by Lirigm to find the interparticle angle of friction. The larger particles than 5 mm of the soil were removed and the sample was compacted to 18 kN/ m 3 . The results of the triaxial tests are shown in Table 1 . We can see that the value of the Poisson's ratio only shows little variation less than 0.01 from the mean value. The interparticle angle of friction shows a maximum variation of 2.5°f rom the mean value. This seems to be linked to the precision of the volume variation measurement on these samples, and the tests made afterwards on similar materials show a better precision, i.e., a variation of only 1°on the value of the interparticle angle of friction. We can also see that there is a little cohesion of 19 kPa on the gravel, which is not a clean granular soil.
Pressuremeter Tests
The interpretation of the pressuremeter tests ͑Gaiatech 1989͒ takes into account the volume and pressure correction ͑French standard 2000͒, but takes also into account the shape of the probe under pressure ͑Fawaz et al. 2000͒, the pressure distribution along the probe length ͑Basudhar and Kumar 1995͒ and the differences between the internal and external radius of the probe.
The interpretation of the pressuremeter tests is shown in Table 2 . The Young's modulus ͑col. 2͒ is defined on the unloading reloading sequence made at the beginning of the test ͑see Fig. 4͒ .
The pressuremeter modulus ͑col. 3͒ is measured on the virgin loading curve between the horizontal pressure at rest and the creep pressure. We can see that the Young's modulus is 3.36 higher ͑col. 4͒ than the pressuremeter modulus whereas the correlation ratio ͑Ménard and Rousseau 1962͒ is 3 for sand. If the mean value of the The experimental creep pressure ͑col. 5͒ can be compared with the theoretical creep pressure ͑col. 6͒ obtained by Eq 16. It can be seen that the average experimental value is 2.3 times higher than the theoretical one, which means that the Ménard pressuremeter modulus is measured when the soil exhibits an important plastic deformation. This plastic part of the deformation can be found by the permanent deformation of the soil when an unloading is performed ͑see Fig. 4͒ . When the pressure becomes fairly close to zero, a deformation still remains.
The measurement of the slope ͑Fig. 3͒ of the linear relationship between the logarithms of pressure and radial strain at the borehole wall is equal to ␦ Eq 14, which is a function of ⌽Ј through N Eq 7 and ⌽ µ through n Eq ͑1, 10͒. The knowledge of ⌽ µ and ␦ allows finding the angle of internal friction by the inversion of the Eq 14. This value is put in Eq 13 to draw the theoretical pressuremeter curve, which is compared with the experimental one ͑Fig. 4͒. The fitting must be precise on the unloading reloading sequence to control the Young's modulus, and on the relationship between pressure and radial strain above the creep pressure to control the angle of internal friction. The pressuremeter curve depends on the vertical stress with ␥ · z, on the Young's modulus with µ or G, on the interparticle angle of friction ⌽ µ and the angle of internal friction ⌽. When the angle of internal friction only varies, the higher the internal of friction is, the upper the theoretical curve is within the representation of Fig. 4 . The accurate fitting of Fig. 4 means that the set of stress-strain parameters is correct for the theoretical representation of the pressuremeter test at 9 m of depth. That is the first control made on the stress-strain parameters.
The stress-strain parameters are used to find the theoretical limit pressure ͑col. 9͒ by Eq 17. This pressure is compared with the experimental one ͑col. 8͒, which is the pressure, measured when the probe doubled its volume. The mean difference between the two sets of values is 2.8% with a standard deviation of 13.6%. This gives the second control on the stress-strain parameters. For instance, if we use the Ménard value of Eq 18 we find a theoretical limit pressure ͑col. 10͒ with a mean difference of 73% with the experiment and a standard deviation of 95%. Equation 18 appears to be of a poor precision to predict the angle of internal friction of the soil because it does not take with an accurate precision the vertical stress, and the elastic shear modulus at the level of the pressuremeter test.
A direct shear test was performed by INSA URGC laboratory on this material with a direct shear box of 600 by 600 mm. The value of the shearing resistance of the soil with this test is a cohesion of 10 kPa and an angle of internal friction of 33°. The pressuremeter experiment shows a mean value of the angle of internal friction of 36°with no cohesion and appears to be in good agreement with the in field value of friction.
Design of the Diaphragm Wall
The diaphragm wall of the Saxe-Gambetta station was studied with the help of the finite element program Cesar-Lcpc ͑Dubouchet 1992͒ to calculate the horizontal displacements and the bending moment on the wall. The mesh is made of 220 quadrilateral elements with eight nodes. The diaphragm wall is modeled with two layers of elements. The program uses an elasto-plastic MohrCoulomb model. The diaphragm wall has a total height of 14 m for an embedded part of 3 m and an excavation of 11 m. The water level is 3 m under the surface. A horizontal strut is fixed 2.67 m below the top of the wall. The finite element calculation was not adjusted on the experimental results. Measurements were made by inclinometry to find the bending deformation of the wall and the horizontal displacements. For a 14 m height diaphragm wall, the theoretical displacements found by finite element calculation are 4 mm larger than the measured displacements ͑Fig. 5͒. The bending 
Conclusion
We present a new theory for the interpretation of the pressuremeter test, which takes into account the vertical and the horizontal nonstandard elasto-plastic equilibrium around the pressuremeter. It shows that the theoretical creep pressure is lower than the classical value found by the Ménard process. The Ménard pressuremeter modulus, which takes into account plastic deformations, is not an elastic characteristic of the soil whereas the modulus measured on an unloading reloading sequence shows a reverse behavior and can be considered as elastic. It gives an elastic modulus, which is greater than the pressuremeter modulus. The control of the elastic modulus can be made by the comparison between the experimental and theoretical slope of the unloading reloading sequence of the test.
The linearity between the logarithm of radial stress and the logarithm of radial strain at the borehole wall allows finding the angle of internal friction for a granular soil. These values can be controlled by comparison between the theoretical and experimental pressuremeter curves and by comparison between theoretical and experimental limit pressure.
The cyclic pressuremeter test was used to measure shearing characteristics of the soil for a Lyon underground retaining structure. It has shown its ability to provide useful characteristics such as friction angle and elastic modulus for soils when intact samples cannot be extracted. The pressuremeter interpretation allows to measure the variation of the shearing characteristics and to optimize the retaining wall so that the long-term stability is ensured.
The design of the diaphragm wall was carried out with the finite element analysis and the characteristics of the soil found by the pressuremeter test. The controls of displacements, bending moment and force show an accurate prediction to the measured values.
